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Electrospinning is employed to prepare conductive polypyrrole nanofibers with uniform morphology and good mechanical
strength. Soluble PPy was synthesized with NaDEHS as dopant and then applied to electrospinning with or without PEO as
carrier. The PEO contents had great influence on the morphology and conductivity of the electrospun material. The results of
these experiments will allow us to have a better understanding of PPy electrospun nanofibers and will permit the design of effective
electrodes in the BMIs fields.

1. Introduction

Electrospinning is a broadly applied technology used to
fabricate nanofibers from a wide range of materials including
both natural and synthetic polymers [1]. A high voltage
electrostatic field is used to induce the ejection of a liquid jet
which stretches into continuous fibers in the submicron range
[2].The electrospunmaterial exhibits unique features such as
uniform ultrafine fibers, high surface-to-volume ratio, tun-
able porous structures, and controllable composition,making
it capable to achieve the desired result from its prosperities
and functionality. These qualities allow the materials to be
successfully applied in various fields such as biosensor [3],
tissue engineering scaffold [4], drug delivery [5], wound
dressing [6], and protective clothing [7].

Polypyrrole (PPy) is one of the most widely investigated
conductive polymers due to its easy synthesis, high con-
ductivity, good environmental stability, and biocompatibility
[2]. In the past decades, it has been applied in biosensors
[8], electrodes [9], and especially nerve tissue engineering
scaffolds [10]. For instance, George et al. [11] found that the
PPy film could support the growth of nerve system. Either of
these applications would prefer to have a high surface area
for a given mass or volume, which would provide a large
interface in sensing, to enhance the ions transportation for
electrode or to promote cell growth as the scaffold.This could
be realized using electrospinning to generate PPy nanofibers

with porous structure. It is possible to coat the electrospun
PPy nanofibers on materials like electrodes prior to inserting
them in the brain which can help relieve some damage done
to the tissues as well as provide better results due to the
more positive interaction between the coated electrodes and
the cells. This will be helpful to the development of brain-
machine interfaces (BMIs) biomedical devices.

In the present work, we have developed a way to electro-
spinning PPy solution with carrier into ultrafine fibers. Using
scanning electron microscopy (SEM), Fourier transform-
infrared spectroscopy (FTIR), XPS, and four-probe method,
the morphology, chemical composition, and conductivity of
the nanofibers were examined. The results of these experi-
ments will allow us to have a better understanding of PPy
electrospun nanofibers and will permit the design of effective
electrodes in the BMIs fields.

2. Experimental

2.1. Synthesis of Soluble PPy [12]. Soluble PPywas synthesized
at 0∘C by 0.06mol NaDEHS (Sigma-Aldrich) dissolved in
180mL distilled water as the dopant and 0.12mol Pyrrole
(Sinopharm) added. 0.018mol APS (Xilong Chemical) dis-
solved in 20mL distilled water solely as the oxidant was
slowly added into the NaDEHS solution with vigorous string.
The polymerization was carried out for 24 h at 0∘C and
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Figure 1: FT-IR Spectrum of NaDEHS doped PPy.

terminated by pouring the solution into methanol. The PPy
powder was collected by filtering and was dried at 60∘C for
24 h.

FT-IR (Magna-IR 750, Nicole) and XPS (Axis Ultra,
Kratos) were employed to demonstrate the PPy powder.

2.2. Electrospinning of PPy Fibers. PPy and PEO were dis-
solved in CHCl

3
with the concentration 8wt% and 4wt%,

respectively. PEO and PPy solutions were then mixed with
the ratios of 1 : 10, 1 : 8, 1 : 6, 1 : 4, and 1 : 2. The 8wt% PPy and
PEO/PPy blends were prepared for electrospinning.

Electrospinning was carried out with a 10 kV voltage and
0.8mL/h flow rate. A ground screen covered by aluminum
sheet was placed 10 cm from the tip of the syringe. The
nonwoven fibers were collected and characterized by SEM
(Quanta 200F, FEI).

2.3. Conductivity Characterization. The conductivity of each
sample is measured using the four-probe method. After-
wards, the 1 : 10 ratio PEO/PPy nanofibers was kept in the
30∘C, 40∘C, 50∘C, 60∘C, and 70∘C atmosphere orderly, and
the conductivity at each temperature was recorded.

3. Results

3.1. Synthesis of Soluble PPy. The formation of PPy and the
doping of NaDEHS are confirmed with FT-IR spectroscopy
in the range of 4000–650 cm−1 as shown in Figure 1.The peak
at 905.0 is associated to the out-of-plane vibration of =C–
H; the wide peak at 1166.9 cm−1 is associated with the N–C
stretching; and the peaks at 1373.55 cm−1 and 1026.94 cm−1
are corresponding to the =C–H plan vibration, while the
peak at 1726.67 cm−1 corresponds to the C=O vibration in
NaDEHS.

The XPS analysis is shown in Figure 2 while the quanti-
tative element analysis is in Table 1. The N element is from
PPy, while the presence of S and Na confirmed the doping of
NaDEHS.
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Figure 2: XPS analysis of NaDEHS doped PPy.

Table 1: Quantitative element analysis of NaDEHS doped PPy.

Name Position Area % Conc.
Na 1s 1071.65 2592.8 0.28
S 2p 168.00 6989.5 1.89
N 1s 399.95 16082.2 6.10
O 1s 531.80 67833.9 15.73
C 1s 284.80 116790.6 76.00

3.2. Morphology of PPy Nanofibers. Figure 3 presents the
SEM images of electrospun PEO/PPy nanofibers with dif-
ferent ratios. PPy nanofibers are nonuniform with droplets,
and the material is fragile. When PEO is added, cylindrical
fibers are formed. As the ratio of PEO increases, there are
less droplets and broken ends.The diameter statistics of fibers
of PEO/PPy nanofibers are shown in Figure 4. The fibers
are thinner, and the diameters are more uniform with more
PEO component due to the change of solution viscosity and
surface tension.

3.3. Conductivity. There is a linear relationship between the
conductivity of these nanofibers and the content of PEO as
shown in Figure 5 (𝑅2 = 0.9571). As the content of PEO
varies, the conductivity increased by one-order of magnitude
ranged from 1.44 × 10−3 S⋅cm−1 to 2.45 × 10−4 S⋅cm−1.

By increasing the temperature, we found that the conduc-
tivity of the 1 : 10 ratio PEO/PPy nanofibers rises following the
power function 𝜎 = 𝐴 exp(B/T) (𝑅2 = 0.9939), which is a
typical property of semiconductor.

4. Discussion

These significant characteristic peaks of PPy in the FT-IR
spectrum demonstrate the formation of PPy, while the C=O
liberation peak at 1726.67 cm−1 in FT-IR spectrum and the
S and Na elements in XPS characterization illustrate that
the NaDEHS has been successfully doped into PPy. In the
quantitative element analysis, the ratio of N and S is about
3.2 : 1, suggesting that in the polymer chain the mole ratio
of Py unit and NaDEHS is around 3. As the pure PPy
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Figure 3: SEM micrographs of PEO/PPy electrospun fibers. (a1),(b1),(c1) PPy nanofibers without PEO; (a2),(b2),(c2) 1 : 10 PEO/PPy fibers;
(a3),(b3),(c3) 1 : 8 PEO/PPy fibers; (a4),(b4),(c4) 1 : 6 PEO/PPy fibers; (a5),(b5),(c5) 1 : 4 PEO/PPy fibers; (a6),(b6),(c6) 1 : 2 PEO/PPy fibers.
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Figure 4: Statistics of PEO/PPy fiber diameter. (a) 1 : 10 PEO/PPy fibers; (b) 1 : 8 PEO/PPy fibers; (c) 1 : 6 PEO/PPy fibers; (d) 1 : 4 PEO/PPy
fibers; (e) 1 : 2 PEO/PPy fibers.

powder is insoluble in most solvent due to the strong internal
interactions within and between the chains; the doping of
NaDEHS result in the solubility in CHCl

3
.

The doped PPy solution cannot be preceded into smooth
fibers, and the electrospun web is fragile. To enhance the

electrospinning process, PEO is added as carrier, and the
resulted fibers are much more smooth and ultrafine.

The droplets and broken ends in the fibers are because
of inadequate viscosity, which could be increased by adding
PEO into PPy solution. So the fibers become longer andmore



Journal of Nanomaterials 5

0.07 0.14 0.21 0.28 0.35
0.0

3.0 × 10−4

6.0 × 10−4

9.0 × 10−4

1.2 × 10−3

1.5 × 10−3
C

on
du

ct
iv

ity
𝜎

(S
·cm

−
1
)

PEO/%

(a)

1.4 × 10−3

1.6 × 10−3

1.8 × 10−3

2.0 × 10−3

2.2 × 10−3

C
on

du
ct

iv
ity

𝜎
(S
·cm

−
1
)

300 315 330 345
T (K)

(b)

Figure 5: Electrical conductivity of PEO/PPy nanofibers as a function of PEO content and 1 : 10 PEO/PPy nanofibers as function of
temperature. (a) Electrical conductivity of PEO/PPy nanofibers as a function of PEO content; (b) electrical conductivity of 1 : 10 PEO/PPy
nanofibers as function of temperature.

uniform as the ratio of PEO and PPy rise. As in the 1 : 2
PEO/PPy electrospun materials, the long nanofibers exhibit
a cylindrical morphology and are randomly distributed in a
uniform and dense way. Since PEO is a flexible material, the
mechanical strength of PEO/PPy nanofibers is improved.

The size of the fibers could also be affected by the ratio of
PEO and PPy. As the viscosity increases, the surface tension,
which the dividing of the jets has to overcome, also increases.
So the splitting ability of the jets declines and results in
thicker fibers. Without the splitting, the diameters of the
fibers exhibit narrower distribution.

Although the electrospinning process is promoted, the
conductivity of the material will reduce and exhibit a liner
relation with the contents of PEO. Pure PPy is semiconductor
because of the delocalized 𝜋 bond, while the presence of PEO
molecular leads to the fold and twist of the conjugated chain,
which would limit the delocalization of electrons. Also, the
conductive PPy content will become discontinuous because
of PEO, which finally reduce the conductivity.

For semiconductor, as the temperature rises, more elec-
trons are activated and transit into conduction band. Mean-
while, the migration rate will also grow with the temperature,
resulting in the better conductivity of the material. In the
study of the 1 : 10 PEO/PPy electrospunmaterial, the conduc-
tivity grows with temperature following the power function,
demonstrating that after adding PEO, the PPy remains to be
semiconductor.

5. Conclusion

In summary, the soluble PPy is synthesized by doping
NaDEHS. The conductive nanofibers web could be fabri-
cated by electrospun PEO/PPy composite. Increase in the
content of PEO will enhance the electrospinning process
and the mechanical strength of the fiber web but meanwhile
reduce the conductivity. Also, the conductivity will increase

as temperature rises following a power function like most
semiconductors. This work shows the potential of applying
electrospun PPy nanofibers to the BMIs fields.
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